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Available online 2 April 2011AbstractThis paper reports the first evidence of ultrahigh-temperature (UHT) metamorphism from the Sør Rondane Mountains, eastern
Dronning Maud Land, East Antarctica, which is evident as orthopyroxeneþ spinel symplectite in an amphibolitized mafic
granulite. The granulite consists of olivine, orthopyroxene, clinopyroxene, pargasitic amphibole, plagioclase, and ilmenite, and it
possesses a within-plate alkali basalt signature. The local bulk chemical composition of symplectite, major and trace element
compositions, and thermodynamic calculations for the symplectite, suggest the presence of garnet at the high-pressure stage and
that the symplectite formed from garnet, olivine, and primary orthopyroxene by decompression frommore than 12 kbar at 1000 C.
The granulite records a subsequent amphibolite-facies overprint (<700 C at <6 kbar) that involved the chemical re-equilibration
of several phases. The obtained pressureetemperature (PeT) conditions and PeT path are different from the UHT metamorphism
from the Schirmacher Hills, central Dronning Maud Land, which is considered to have occurred in a back-arc tectonic setting. The
relatively high-P conditions and the decompression path reconstructed in the present study are similar to those reported for southern
India, Sri Lanka, and part of northeastern Mozambique, possibly reflecting continental thickening and exhumation during the main
collision event between East and West Gondwana.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Ultrahigh-temperature (UHT) metamorphism
(>900 C; Harley, 1998) has been widely reported
from Neoarchean to Cambrian metamorphic terranes
worldwide (e.g., Brown, 2007; Kelsey, 2008, and* Corresponding author. Tel.: þ81 92 802 5656.
E-mail address: n-nakano@scs.kyushu-u.ac.jp (N. Nakano).
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.03.005references therein). An understanding of regional-scale
UHT metamorphism would provide strong constraints
on the lower-crust to upper-mantle geodynamic setting
during such periods, including the nature of crustal
growth, the rheology of the lithosphere, and
crustemantle interactions.
Late Neoproterozoic to Cambrian UHT terranes are
distributed throughout the Pan-African orogenic belt
(Fig. 1a), with most occurring within or near thereserved.
Fig. 1. Distribution of the Sør Rondane Mountains in a reconstruction of Gondwana (Jacobs et al., 2003a) (a) and simplified geology of the
mountains (after Osanai et al., 1992) (b). Pan-African UHT terranes in (a) are after Brown (2007) and Kelsey (2008). The studied sample was
collected from a large moraine indicated by the black star in (b).
346 N. Nakano et al. / Polar Science 5 (2011) 345e359EasteWest Gondwana suture zone; e.g., the Sakena
region of Madagascar (Raith et al., 2008;
Rakotonandrasana et al., 2010); the Southern Indian
terranes of India (e.g., Brown and Raith, 1996); the
Highland Complex of Sri Lanka (e.g., Osanai et al.,
2006); and the Schirmacher Hills of Antarctica (Baba
et al., 2006). The suture zone has been termed the
East AfricaneAntarctic Orogen (EAAO) by Jacobs
et al. (2003a,b). UHT metamorphism has not previ-
ously been reported from the Sør Rondane Mountains,
eastern Dronning Maud Land, East Antarctica,
possibly because the area was widely affected by weak
to strong amphibolite-facies retrogression (e.g., Adachi
et al., 2010) or an amphibolite-facies metamorphism
after the granulite-facies event (e.g., Shiraishi et al.,2008). Such amphibolite-facies overprinting would
easily erase the record of the earlier peak pressur-
eetemperature (PeT) conditions.
The purpose of present study is to identify the
highest-grade metamorphic conditions in the Sør
Rondane Mountains based on detailed analyses of
symplectite that formed during granulite-facies
metamorphism. The analyzed sample was collected
as float from a large moraine that possibly covers
the entire Sør Rondane Mountains, meaning that the
exact sample locality is unknown; however, the
peak-PeT conditions and PeT path inferred from
this sample provide insights into the large-scale
tectonic evolution of the EasteWest Gondwana
suture zone.
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The Sør Rondane Mountains (22e28E,
71.5e72.5S) are dominated by medium- to high-
grade metamorphic rocks and granitoid intrusions
(Fig. 1b). The mountains have been divided into
northeastern (NE) and southwestern (SW) terranes
based on metamorphic grade (Fig. 1b; Osanai et al.,
1992), with the former consisting of granulite-facies
rocks and the latter comprising amphibolite- to
greenschist-facies rocks. Metamorphosed basic rocks
in the area show affinities with oceanic, island arc,
accretionary complex, and continental margin arc
settings, and several geological units have been map-
ped (Fig. 1b; Osanai et al., 1992).
The dominant rock types in the NE terrane are
hornblendeebiotiteorthopyroxene, garnetebiotite
orthopyroxene, and garnetesillimaniteebiotite gneisses.
Amphibolites and hornblende-bearing mafic granulites
are common as layers or blocks in these gneisses, and
also occur as blocks in granitoids and marbles. The
presence or absence of orthopyroxene in these assem-
blages of the NE terrane was controlled by the effect of
hydration during retrograde metamorphism (Adachi
et al., 2010). The PeT conditions of metamorphism
in the NE terrane have been estimated in previous
studies (e.g., Asami et al., 1992, 2007; Ishizuka et al.,
1995), with the highest PeT conditions being
860e895 C at 12 kbar, as obtained from a sapphirine-
and kyanite-bearing aluminous granulite (Asami et al.,
2007).
Many studies have reported geochronological data
for the Sør Rondane Mountains (e.g., Grew et al.,
1992; Shiraishi and Kagami 1992; Asami et al.,
1995). Shiraishi et al. (2008) summarized the thermal
history of the Sør Rondane Mountains based on the
results of many previous reports on geochronology and
SHRIMP zircon age data, concluding that granulite-
facies metamorphism of the NE terrane occurred at
650e600 Ma and that subsequent amphibolite-facies
metamorphism of the NE and SW terranes occurred
at ca. 570 Ma.
The sample of mafic granulite analyzed in the present
study was collected from a large moraine in northern
Brattnipane (Fig. 1b), and was derived from an outcrop
somewhere in the Sør Rondane Mountains, although
olivine-bearing metamorphosed maficeultramafic rocks
have been reported only from northern Austkampane
(Ishizuka et al., 1996; Osanai et al., 2008). For instance,
olivine-bearing granulite described in Ishizuka et al.
(1996) mainly contains olivine, orthopyroxene, amphi-
bole, Cr-poor spinel, and minor apatite. Clinopyroxene isnot present in the granulite, whereas the other minerals in
the assemblage are similar to those in the current sample
(described below). We collected 32 samples from the
same moraine, of which only the sample of olivine-
bearing mafic granulite is reported here.
3. Sample description
3.1. Petrography and major element mineral
chemistry
The major element chemistry of minerals in the
mafic granulite was measured using a scanning elec-
tron microscope with an energy dispersive spectrom-
etry system (JEOL JED2140-JSM 5301S) at Kyushu
University, Japan. Quantitative analyses of rock-
forming minerals were performed with an acceler-
ating voltage of 15 kV and ZAF correction. Natural
mineral samples (ASTIMEX-MINM-53) were used as
standards. Representative analyses are presented in
Tables 1 and 2.
The mafic granulite is texturally homogeneous. It
shows granoblastic texture and contains mainly
olivine, orthopyroxene, clinopyroxene, amphibole,
ilmenite, and plagioclase (Fig. 2a), with minor apatite.
No quartz is observed in the matrix or as inclusions.
The granoblastic phases contain few mineral inclusions
(Fig. 2a), whereas some olivines and orthopyroxenes
contain inclusions of amphibole, and olivine contains
inclusions of plagioclase (Fig. 2bec). Granoblastic
clinopyroxene commonly contains abundant fine-
grained amphibole lamellae as well as individual
amphibole crystals (Fig. 2d). The granoblastic olivine
and plagioclase show no evidence of chemical zona-
tion; the olivine yields XMg [Mg/(Mgþ Fe2þ)] values
of 0.56e0.58 and the plagioclase has an albite content
of 50e57 mol%. The concentration of NiO in olivine is
below the detection limit. Granoblastic amphibole is
also homogeneous in composition and has relatively
high contents of Al2O3, Na2O, and K2O, and low
contents of SiO2, showing a pargasite composition
(Leake, 1978). Amphibole rims are slightly depleted in
Ti compared with cores (cores: 0.29e0.33 pfu; rims:
0.19e0.30 pfu). Amphibole inclusions in pyroxenes
and olivine show similar compositions to granoblastic
amphibole, whereas some inclusions in orthopyroxene
contain relatively high Fe3þ contents (<1.10 pfu).
Cores of both pyroxenes are commonly richer in Al2O3
than the rims (Fig. 3; cores: 0.10e0.14 pfu in Cpx,
0.13e0.17 pfu in Opx; rims: 0.04e0.09 pfu in Cpx,
0.06e0.11 pfu in Opx), whereas their XMg values are
largely constant between cores and rims (Fig. 3).
Table 1
Representative microprobe analyses of orthopyroxene in mafic granulite.
Core Rim Opxþ Spl OpxþAmp Lamellae
SiO2 51.46 51.76 51.49 52.43 52.35 53.05 51.05 51.52 51.33 51.42 52.02 52.38 52.51 52.71
TiO2 nd 0.22 0.11 0.08 0.08 0.10 0.20 0.02 0.04 0.11 0.17 nd nd 0.01
Al2O3 3.66 3.04 3.36 2.20 2.09 1.48 3.56 3.39 3.53 3.52 1.61 0.97 1.20 0.92
Cr2O3 0.04 0.06 nd nd nd 0.05 0.06 nd nd 0.05 nd 0.05 nd 0.06
FeO 23.66 24.28 24.38 23.72 23.43 23.44 24.73 24.30 24.03 24.27 23.94 24.26 26.31 26.41
MnO 0.59 0.44 0.30 0.66 0.39 0.91 0.35 0.80 0.52 0.11 0.25 0.75 0.69 0.65
MgO 20.80 20.36 20.90 21.11 21.27 21.22 20.48 20.77 20.15 20.50 21.02 21.10 19.61 19.41
CaO 0.40 0.55 0.12 0.37 0.36 0.36 0.14 0.13 0.29 0.19 0.26 0.66 0.48 0.77
Na2O nd nd nd nd nd nd nd nd nd nd nd nd nd nd
K2O nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Total 100.61 100.71 100.66 100.57 99.97 100.61 100.57 100.93 99.89 100.17 99.27 100.17 100.80 100.94
O 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Si 1.916 1.930 1.919 1.952 1.957 1.973 1.909 1.918 1.927 1.923 1.963 1.969 1.976 1.983
Ti nd 0.006 0.003 0.002 0.002 0.003 0.006 0.001 0.001 0.003 0.005 nd nd nd
Al 0.161 0.134 0.148 0.097 0.092 0.065 0.157 0.149 0.156 0.155 0.072 0.043 0.053 0.041
Cr 0.001 0.002 nd nd nd 0.001 0.002 nd nd 0.001 nd 0.001 nd 0.002
Fe 0.737 0.757 0.760 0.739 0.732 0.729 0.774 0.757 0.754 0.759 0.756 0.763 0.828 0.831
Mn 0.019 0.014 0.009 0.021 0.012 0.029 0.011 0.025 0.017 0.003 0.008 0.024 0.022 0.021
Mg 1.154 1.131 1.161 1.172 1.185 1.176 1.142 1.152 1.127 1.143 1.182 1.182 1.100 1.088
Ca 0.016 0.022 0.005 0.015 0.014 0.014 0.006 0.005 0.012 0.008 0.011 0.027 0.019 0.031
Na nd nd nd nd nd nd nd nd nd nd nd nd nd nd
K nd nd nd nd nd nd nd nd nd nd nd nd nd nd
Total 4.003 3.996 4.004 3.997 3.995 3.991 4.006 4.007 3.994 3.996 3.996 4.009 3.998 3.996
Fe3þ 0.009 0.000 0.013 0.000 0.000 0.000 0.017 0.021 0.000 0.000 0.000 0.026 0.000 0.000
Fe2þ 0.728 0.757 0.747 0.739 0.732 0.729 0.757 0.736 0.754 0.759 0.756 0.737 0.828 0.831
XMg 0.613 0.599 0.608 0.613 0.618 0.617 0.601 0.610 0.599 0.601 0.610 0.616 0.570 0.567
nd: Not detected.
348 N. Nakano et al. / Polar Science 5 (2011) 345e359Orthopyroxeneþ spinel symplectite is observed in
places (Fig. 2e). The greenish spinel
(XMg¼ 0.29e0.33; Cr¼ 0.00e0.01 pfu) is randomly
oriented in a matrix of high-Al (0.14e0.17 pfu)
orthopyroxene (Fig. 2e). The orthopyroxene is slightly
enriched in Al and Mg compared with the cores of
granoblastic orthopyroxene (Fig. 3). The symplectite
is not typically associated with a particular phase,
occurring with all granoblastic phases except for cli-
nopyroxene, even though it is commonly surrounded
and partly replaced by secondary high-Al
(2.89e3.03 pfu) and low-Ti (0.01e0.07 pfu) tscher-
makitic amphibole (Fig. 2a, f). Secondary pargasitic
amphiboles are commonly observed as orthopyrox-
eneþ amphibole (Ti¼ 0.18e0.27 pfu) symplectite
around clinopyroxene (Fig. 2g) and as lamellae
(Ti¼ 0.22e0.28 pfu) with orthopyroxene and ilmenite
in clinopyroxene (Fig. 2gei). The amphibole lamellae
locally connect with amphibole that occurs around
clinopyroxene (Fig. 2h), suggesting both amphiboles
are secondary products. Orthopyroxene lamellae and
symplectite associated with secondary amphibolescommonly show low Al2O3 contents (0.03e0.08 pfu;
Fig. 3). Individual magnetite grains are not present: it
occurs only locally as fine-grained symplectitic
intergrowth with secondary cummingtonite around
olivine.
3.2. Rare earth element (REE) mineral chemistry
The REE, Sr, and Y contents of rock-forming
minerals were measured by laser ablationeinductively
coupled plasmaemass spectrometry (LAeICPeMS)
using an Agilent 7500cx quadrupole ICPeMS with
a New Wave Research UP-213 laser at Kyushu Univer-
sity. The analytical procedure essentially followed
Nakano et al. (2010). Table 3 lists the detailed operating
parameters of the LAeICPeMS system. The analytical
results and chondrite-normalized REE patterns are pre-
sented in Table 4 and Fig. 4, respectively.
The clinopyroxene is compositionally homoge-
neous, with slight enrichment in light REEs and minor
negative Eu anomalies (Fig. 4a). The REE patterns of
orthopyroxene show a relatively high degree of scatter
Table 2
Representative microprobe analyses of olivine, clinopyroxene, spinel, amphibole, and plagioclase in mafic granulite.
Minerals Ol Cpx Spl Amp Pl
Core Rim Core Rim Opxþ Spl Core Rim in Opx Opxþ
Amp
Lamellae Replace
Opxþ Spl
Core Rim
SiO2 36.06 36.13 51.48 54.11 0.26 0.29 40.90 40.55 41.73 43.64 42.22 41.32 57.06 57.03 55.89 55.55
TiO2 0.14 0.03 0.61 0.30 0.07 0.22 2.98 2.71 1.77 1.74 1.97 0.52 0.01 nd 0.02 0.12
Al2O3 0.10 0.30 3.13 1.07 59.97 59.50 14.71 15.62 15.14 12.45 13.75 17.27 27.12 27.67 27.57 27.56
Cr2O3 0.01 0.02 nd 0.09 0.33 0.23 0.11 0.13 0.10 nd 0.20 0.05 nd nd nd nd
FeO 36.84 36.66 8.13 7.75 30.69 30.86 14.00 13.80 14.31 12.25 13.13 14.52 0.01 0.06 nd 0.37
MnO 0.42 0.36 0.00 0.20 0.15 0.25 0.03 0.13 0.16 0.12 0.00 0.30 nd nd nd nd
MgO 27.03 26.88 14.04 14.82 7.75 7.65 10.78 10.38 11.69 13.08 11.56 11.21 nd nd 0.11 nd
CaO nd 0.14 21.82 23.27 nd nd 10.89 10.62 10.31 11.61 11.49 10.32 9.01 9.69 10.19 10.13
Na2O nd nd 0.43 0.26 nd nd 2.82 2.71 2.93 2.64 2.64 2.80 6.48 6.34 5.60 5.94
K2O nd nd nd nd nd nd 1.09 1.04 0.61 0.61 0.81 0.49 nd 0.14 0.04 nd
ZnO e e e e 0.88 0.85 e e e e e e e e e e
NiO nd nd e e e e e e e e e e e e e e
Total 100.60 100.52 99.64 101.87 100.10 99.85 98.31 97.69 98.75 98.14 97.77 98.80 99.69 100.93 99.42 99.67
O 4 4 6 8 4 4 23 23 23 23 23 23 8 8 8 8
Si 1.002 1.003 1.919 1.972 0.007 0.008 6.017 5.975 5.993 6.341 6.217 5.889 2.564 2.540 2.525 2.512
Ti 0.003 0.001 0.017 0.008 0.001 0.005 0.330 0.300 0.191 0.190 0.218 0.056 0.000 0.000 0.001 0.004
Al 0.003 0.010 0.138 0.046 1.949 1.942 2.550 2.713 2.563 2.132 2.386 2.901 1.436 1.452 1.468 1.469
Cr 0.000 0.000 nd 0.003 0.007 0.005 0.013 0.015 0.011 nd 0.023 0.006 nd nd nd nd
Fe 0.856 0.851 0.253 0.236 0.708 0.715 1.722 1.701 1.719 1.489 1.617 1.730 nd 0.002 nd 0.014
Mn 0.010 0.008 0.000 0.006 0.004 0.006 0.004 0.016 0.019 0.015 0.000 0.036 nd nd nd nd
Mg 1.119 1.113 0.780 0.805 0.319 0.316 2.364 2.280 2.503 2.833 2.538 2.382 nd nd 0.007 nd
Ca nd 0.004 0.872 0.909 nd nd 1.716 1.677 1.587 1.807 1.813 1.576 0.434 0.462 0.493 0.491
Na nd nd 0.031 0.018 nd nd 0.804 0.774 0.816 0.744 0.754 0.774 0.565 0.547 0.491 0.521
K nd nd nd nd nd nd 0.205 0.195 0.112 0.113 0.152 0.089 nd 0.008 0.002 nd
Zn e e e e 0.018 0.017 e e e e e e e e e e
Total 2.993 2.991 4.010 4.004 3.013 3.014 15.725 15.647 15.514 15.665 15.719 15.438 4.999 5.012 4.987 5.010
Fe3þ 0.000 0.000 0.020 0.008 0.053 0.053 0.302 0.399 0.956 0.334 0.188 1.189 e e e e
Fe2þ 0.856 0.851 0.233 0.228 0.655 0.662 1.420 1.302 0.763 1.155 1.429 0.541 e e e e
XMg 0.567 0.566 0.770 0.779 0.327 0.323 0.625 0.637 0.770 0.710 0.640 0.815 e e e e
Ab e e e e e e e e e e e e 56.5 53.8 49.7 51.5
nd: Not detected.
349N. Nakano et al. / Polar Science 5 (2011) 345e359because the REE concentrations are low; however, the
cores of granoblastic orthopyroxene are commonly
depleted in light REEs and enriched in heavy REEs
(Fig. 4a). These patterns are similar to those obtained
for orthopyroxene symplectite with spinel, but the
concentrations are lower than those in granoblastic
orthopyroxene, especially for light REEs (La, Ce, Pr,
Nd, Sm, and Eu; Fig. 4a). In contrast, orthopyroxene
that occurs as symplectite with amphibole around cli-
nopyroxene is richer in light REEs compared with
other orthopyroxenes, and it shows relatively flat REE
patterns (Fig. 4a).
Olivine is enriched in light REEs (Fig. 4b), depleted
in Dy, Ho, and Er, and slightly enriched in Tm, Yb, and
Lu (Fig. 4b). Variable REE patterns are observed for
amphibole, depending on microstructural relationships.
All the amphiboles are slightly enriched in light REEs(Fig. 4b). The cores of granoblastic amphibole show no
Eu anomaly, whereas a slight negative Eu anomaly is
present in amphibole coexisting with orthopyroxene
around clinopyroxene (Fig. 4b). Tschermakitic
amphiboles surrounding orthopyroxeneþ spinel sym-
plectite are depleted in REEs and show a positive Eu
anomaly (Fig. 4b).
Apatite and plagioclase show REE patterns that are
enriched in light REEs. Plagioclase shows
a pronounced positive Eu anomaly (Fig. 4b). REE
concentrations in spinel were not obtained because of
the small size of spinel grains; however, the bulk
composition of orthopyroxeneþ spinel symplectite
was determined using a wide beam diameter of
100 mm. The resulting patterns are characterized by
enrichment in some light REEs (La, Ce, and Pr) and
heavy REEs (Tm, Yb, and Lu), a remarkable depletion
Fig. 2. Photomicrographs and backscattered image of mafic granulite. (a) Granoblastic texture composed mainly of olivine, orthopyroxene,
clinopyroxene, amphibole, plagioclase, and ilmenite. Orthopyroxeneþ spinel symplectite is also observed, surrounded by amphibole. (b)
Amphibole and plagioclase included in olivine. (c) Orthopyroxene containing amphibole inclusions. (d) Amphibole inclusion in clinopyroxene.
(e) Close-up view of orthopyroxeneþ spinel symplectite. (f) Orthopyroxeneþ spinel symplectite partly replaced by amphibole. (g) Orthopyr-
oxeneþ amphibole symplectite around clinopyroxene. Mosaic-like amphiboles are also present in clinopyroxene. (h) Clinopyroxene replaced by
amphibole lamellae. The lamellae occasionally connect with amphibole that occurs around the clinopyroxene. (i) Orthopyroxene and ilmenite
lamellae in clinopyroxene.
350 N. Nakano et al. / Polar Science 5 (2011) 345e359of middle REEs (Gd, Tb, and Ho), and a positive Eu
anomaly. Considering the REE patterns of orthopyr-
oxene in orthopyroxeneþ spinel symplectite, the
patterns for spinel are expected to be relatively
enriched in light REEs and depleted in middle to heavy
REEs.
3.3. Whole-rock chemistry
We measured the whole-rock concentrations of 10
major elements (SiO2, TiO2, Al2O3, Fe2O3
(total), MnO,
MgO, Na2O, K2O, and P2O5) and 11 trace elements (V,Cr, Ni, Zn, Ga, Rb, Sr, Y, Zr, Nb, and Ba) by X-ray
fluorescence spectrometry (XRF) on a fused glass disk
(2:1 dilution of the sample) using a Phillips PW2400 at
Kyushu University. For details of the analytical
conditions and procedure, see Nakano et al. (2009).
The H2O
þ concentration was obtained by the Penfield
method (Penfield, 1894). Some trace elements (Hf, Ta,
U, Th, and Pb) and REEs were measured using the
same system as that employed for analyses of REEs
within individual minerals. The concentrations of each
element were directly measured from the glass bead
after XRF analysis. The operating parameters of the
Fig. 3. Orthopyroxene and clinopyroxene compositions in terms of
Al content (pfu) and XMg [Mg/(Mgþ Fe2þ)]. The core of grano-
blastic pyroxenes shows a higher Al content than the rim. Ortho-
pyroxene symplectite with spinel is rich in Al compared with other
orthopyroxenes.
351N. Nakano et al. / Polar Science 5 (2011) 345e359LAeICPeMS are listed in Table 3 and the analytical
results are shown in Table 5.
The sample is rich in TiO2 (3.16 wt%), Fe2O3
(total)
(20.95 wt%), and MgO (12.15 wt%), and poor in SiO2Table 3
Settings for analyses by ICPeMS and laser ablation.
Mineral analysis
ICPeMS instrument: Agilent 7500cx
Plasma power
Ar gas flow rate
Cool
Auxiliary
Carrier 1.2 l/min
He gas flow rate 0.7 l/min
Integration time 20e90 s
Scaning mode Peak Jump (1 points per pea
Monitered isotope 27Al, 29Si, 43Ca, 88Sr, 89Y, 13
140Ce, 141Pr, 146Nd, 147Sm, 1
157Gd, 159Tb, 163Dy, 165Ho, 1
169Tm, 172Yb, 175Lu
Internal standard 29Si, 27Al (measured by EPM
Calibration standard NIST SRM-611
Consistency standard USGS BHVO-2G
Laser ablation: New Wave Research UP-213
Laser
Wavelength
Crater size 40e100 mm
Pulse energy 0.15e0.4 J/cm2
Repetition rate 10 Hz
Ablation pattern Spot
Scan speed e(41.75 wt%), Al2O3 (10.93 wt%), and CaO (7.58 wt%)
compared with representative N-type MORB basalts
(e.g., Sun et al., 1979). Based on the SiO2 content, the
granulite is classified as an ultramafic rock; however,
the trace element concentrations do not contain the
signatures of ultramafic rocks, which are generally rich
in Cr and Ni, and poor in Sr and REEs. The high
contents of TiO2 (3.16 wt%), P2O5 (0.79 wt%), and Sr
(601 ppm), as well as the low values of Zr/Nb (¼2.3),
Y/Nb (¼0.8), and Hf/Ta (¼1.0) ratios, suggest the
protolith of the mafic granulite was a within-plate
alkali basalt, as also indicated by the chondrite-
normalized REE pattern, which shows enrichment in
light REEs (Fig. 4a).
Ishizuka et al. (1996) reported major element and
some trace element data for olivine-bearing granulite
from the northern Austkampane region. Although REE
data have not been published for the granulite, the
composition is similar to the granulite of the present
study, especially in terms of SiO2 (40.40 wt%), Al2O3
(9.32 wt%), Fe2O3 (20.50 wt%), CaO (5.08 wt%), Zr/
Nb (¼3.8), and Y/Nb (¼0.6). In addition, both gran-
ulites are classified as alkali-basalt based on a diagram
that shows the immobile elements Ti, Y, Zr, and Nb
(Winchester and Floyd, 1977). This result may indicate
that the protolith of studied granulite is the same as thatWhole-rock analysis
1500 W
15.0 l/min
0.9 l/min
1.1 l/min
e
300 s
k) Peak Jump (3 points per peak)
9La,
53Eu,
66Er,
43Ca, 89Y, 139La, 140Ce, 141Pr,
146Nd, 147Sm, 153Eu, 157Gd, 159Tb,
163Dy, 165Ho, 166Er, 169Tm, 172Yb,
175Lu, 178Hf, 181Ta, 208Pb, 232Th, 238U
A) 43Ca (measured by XRF)
NIST SRM-612
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Austkampane.
4. Discussion
4.1. Precursor of orthopyroxeneþ spinel
symplectite
As described above, an amphibolite-facies over-
print is widely observed in the mafic granulite;
however, anhydrous symplectite consisting of ortho-
pyroxene and spinel is rarely reported in worldwide
metamorphic terranes, and it may yield information
on an earlier high-T metamorphic history. Such
symplectite has previously been reported only from
aluminous pelitic granulites (e.g., Droop and Bucher-
Nurminen, 1984; Sajeev and Osanai, 2004a) and
lherzolites (e.g., Dobrzhinetskaya et al., 1996; Ravna
et al., 2006). In pelitic granulites, a possible
symplectite-forming reaction is
HighAl Opx þ Spr ¼ lowAl Opx þ Spl; ð1Þ
which has been regarded to indicate cooling from
UHT metamorphism (Sajeev and Osanai, 2004a).
Symplectite in lherzolites has been considered an
indicator of decompression, according to the
following reaction:
Grt þ Ol ¼ Opx þ Spl: ð2Þ
Clinopyroxene is locally present as the phase
produced in reaction (2) (e.g., Morishita and
Arai, 2003). Although orthopyroxeneþ spinelþ
plagioclase symplectite is well known as a break-
down product of garnet in mafic granulite (e.g., Thost
et al., 1991; Nakano et al., 2004), symplectite
composed only of orthopyroxeneþ spinel has yet to
be reported from mafic granulites.
To investigate the formation of the present sym-
plectite, its bulk chemical composition was calculated
using the method used in Nakano et al. (2007). To
calculate the effective modal composition of the sym-
plectite, we analyzed a single grain of orthopyroxene
containing symplectitic spinel (Fig. 5), yielding 84.3 vol
% orthopyroxene and 15.7 vol% spinel. Based on the
mineral chemistry and densities of 3.53 g/cm3 for
orthopyroxene and 4.15 g/cm3 for spinel, the
bulk chemical compositions in the FeOe
MgOeAl2O3eSiO2 (FMAS) system were calculated to
be 25.28, 18.79, 13.52, and 42.41 wt%, respectively.
To investigate the formation of the symplectite, an
FMAS PeT isochemical phase diagram was computed
Fig. 4. Chondrite-normalized rare earth element patterns of whole-rock, orthopyroxene, clinopyroxene (a), olivine, amphibole, plagioclase,
apatite, and bulk orthopyroxeneþ spinel symplectite (b). The chemical composition of chondrite is after McDonough and Sun (1995).
Table 5
Whole-rock chemistry of mafic granulite.
(wt%) (ppm) (ppm) (ppm)
SiO2 41.75 V 113.4 Ba 174.4 Er 1.86
TiO2 3.16 Cr 52.8 La 15.65 Tm 0.24
Al2O3 10.93 Ni 71.6 Ce 33.35 Yb 1.64
Fe2O3
a 20.95 Cu 10.9 Pr 4.29 Lu 0.23
MnO 0.28 Zn 153.0 Nd 21.51 Hf 2.13
MgO 12.15 Ga 13.9 Sm 4.88 Ta 2.04
CaO 7.58 Rb 3.1 Eu 1.71 Pb 1.48
Na2O 1.70 Sr 601.0 Gd 4.79 Th 0.57
K2O 0.51 Y 21.5 Tb 0.68 U 0.80
P2O5 0.79 Zr 60.2 Dy 3.86
H2O
þ 0.95 Nb 26.3 Ho 0.75
Total 100.75
a Total Fe as Fe2O3.
353N. Nakano et al. / Polar Science 5 (2011) 345e359based on free-energy minimization using Perple_X soft-
ware (Connolly, 2005) and end-member thermodynamic
data from Holland and Powell (1998). The model solu-
tions are summarized in Table 6. The bulk chemical
composition of symplectite was used for the calculation.
In the phase diagram, garnet appears on the high-P side,
and spinel is present in low-P space instead of garnet
(Fig. 6a). Olivine occurs in almost all fields within the
given PeT window except for low-P and low-T condi-
tions (Fig. 6a). Themodal amount of olivine in the spinel-
bearing field (0e5 vol%) is much less than that in the
garnet-bearing field (up to 20 vol%). With decreasing
pressure from 13 to 5 kbar at constant temperature of
800 C, the volume proportion of each phase changes
from 54 to 0 vol% for garnet, 19 to 3 vol% for olivine, 27
to 83 vol% for orthopyroxene, and 0 to 14 vol% for
spinel. In the garnetþ olivineþ orthopyroxeneþ spinel
field at 900 C (9.5 kbar), the amounts of garnet, olivine,
orthopyroxene, and spinel are 29, 12, 53, and 6 vol%,
respectively, indicating that the following reaction
(slightly modified from reaction (2)) may occur contin-
uously in this field during decompression (Fig. 6):
Grt þ Ol þ Opx1 ¼ Opx2 þ Spl: ð3Þ
The above results suggest that garnet should have been
present in the granulite under high-P conditions, and
that it was completely consumed by reaction (3). This
reaction is also well documented in the FMAS ternary
diagram (Fig. 6b). Isopleths of Al in orthopyroxene
(0.14e0.17 pfu; Fig. 3) and XMg in spinel (0.29e0.33)
in the symplectite correspond to the amphibolite facies
(<700 C; Fig. 6a), indicating that chemical re-
equilibrium was achieved under these conditions and
explaining why only orthopyroxeneþ spinel was
observed in the present symplectite.4.2. Constraints on symplectite formation from the
REE patterns of minerals
In the present sample, the REE composition of
amphiboles varies depending on the occurrence
(Fig. 4b). Amphibole occurring as symplectite with
orthopyroxene around clinopyroxene is rich in REEs
and shows a very weak Eu negative anomaly (Fig. 4b).
In contrast, amphibole occurring around orthopyrox-
eneþ spinel symplectite is poor in REEs and shows
a positive Eu anomaly (Fig. 4b). Microstructural rela-
tionships indicate that these two types of amphibole
were formed by the replacement of clinopyroxene and
orthopyroxeneþ spinel symplectite, respectively. The
clinopyroxene is rich in REEs and shows a negative Eu
anomaly (Fig. 4a), whereas the orthopyroxeneþ spinel
symplectite is poor in REEs and shows a positive Eu
anomaly (Fig. 4b), clearly indicating that the REE
content of amphibole depends on the reactants for
Fig. 5. Backscattered image of orthopyroxene and spinel symplectite (a), and distribution of orthopyroxene (b) and spinel (c) in the symplectite.
The volume proportion is Opx:Spl¼ 84.3:15.7.
354 N. Nakano et al. / Polar Science 5 (2011) 345e359amphibole growth. In the case of orthopyroxene in the
current sample, orthopyroxene that occurs as sym-
plectite with amphibole is rich in light REEs compared
with other orthopyroxenes, although with similar
heavy REEs (Fig. 4a). As stated above, the orthopyr-
oxeneþ amphibole symplectite is likely to have
formed via the decomposition of clinopyroxene
(Fig. 2 g), which contains high REE contents (Fig. 4a).
These observations strongly suggest that the light
REEs (at least from La to Nd; Fig. 4a) in the ortho-
pyroxene preserve the characteristics of the reactant
phase.
Because garnet is generally poor in light REEs, the
remarkable depletion of light REEs in the orthopyr-
oxene that occurs as symplectite with spinel, suggests
the possibility of garnet as a reactant. If reaction (3)
took place and produced the current orthopyrox-
eneþ spinel symplectite, light REEs in olivine would
have been distributed to spinel, producing symplectitic
orthopyroxene that was significantly depleted in light
REEs.Table 6
Solution notation, formulae, and model sources for calculations of phase di
Symbol Solution Formula
Ol Olivine Mg2xFe2yM
Cpx Clinopyroxene Na1yCayM
Opx Orthopyroxene [MgxFe1x]
Grt Garnet Fe3xCa3yMg
Amp Amphibole Ca22wNazþ
(OH)2,wþ
Pl Feldspar KyNaxCa1
Spl Spinel MgxFe1xA
Unless otherwise noted, the compositional variables w, x, y, and z vary betwee
variables by free-energy minimization.
Sources: 1 e Holland and Powell (1998); 2 e Holland and Powell (1996);4.3. Estimate of missing peak-PeT conditions
Olivine, orthopyroxene, and clinopyroxene are
anhedral to subhedral, and locally contain amphibole
inclusions (Fig. 2bed), indicating their formation
during high-T metamorphism rather than being igneous
relicts. We tentatively estimated the temperature
conditions using two-pyroxene thermometers, based on
the chemical compositions of the cores of both
pyroxenes. Most pyroxene pairs yielded temperatures
in the range 830e880 C when using the method
suggested by Wood and Banno (1973), and
850e920 C using the method proposed by Wells
(1977). Because the chemical composition of the
present clinopyroxene differs from that under peak
conditions, due to the formation of lamellae consisting
of orthopyroxene, amphibole, and ilmenite, the ther-
mometric results indicate the granulite attained
a temperature of at least approximately 850 C. Hence,
the peak metamorphic temperature should be higher
than this estimation, which was obtained from anagrams.
Source
n2(1xy)SiO4, xþ y 1 1
gxyFe(1x)yAl1ySi2O6 2
2yAl2ySi2yO6 2
3(1xþyþz/3)Al22zSi3þzO12, xþ y 1 1
2w[MgxFe1x]3þ2yþzAl33ywSi7þwþyO22
yþz 1
3
xyAl2xySi2þxþyO8, xþ y 1 4
l2O3
n zero and unity and are determined as a function of the computational
3 e Dale et al. (2005); 4 e Fuhrman and Lindsley (1988).
Fig. 6. FMAS PeT isochemical phase diagram (a) for a symplectite in granulite, calculated based on the bulk chemical composition of the
symplectite and on an FMAS ternary plot for the granulite (b). Also shown in (a) are isopleths of Al in orthopyroxene, XMg [Mg/(Mgþ Fe2þ)] in
spinel, and the proportion of olivine.
355N. Nakano et al. / Polar Science 5 (2011) 345e359Na2OeCaOeFeOeMgOeAl2O3eSiO2eH2OeTiO2
(NCFMASHT) PeT isochemical phase diagram based
on the whole-rock chemistry of the mafic granulite.
In the NCFMASHT phase diagram, orthopyrox-
ene, clinopyroxene, and ilmenite are present
throughout all the PeT space (800e1100 C at
6e13 kbar; Fig. 7). The presence of olivine and
amphibole is dependent on temperature, with olivine
occurring at high-T and amphibole at low-T condi-
tions (Fig. 7). Although olivine can be stable under
lower-T conditions for specific, local bulk chemicalFig. 7. (a) NCFMASHT PeT isochemical phase diagram for granulite, ca
garnetþ olivineþ orthopyroxeneþ clinopyroxeneþ amphiboleþ plagioclacompositions (Fig. 6), it occurs only under high-T
conditions in bulk rock (Fig. 7), because H2O is not
considered in the phase diagram shown in Fig. 6.
Garnet and plagioclase occur under high-P and low-P
conditions, respectively (Fig. 7). Spinel, which is
observed only as symplectite in the mafic granulite,
was not calculated, indicating that the symplectite
was formed by local equilibrium among garnet,
olivine, and primary orthopyroxene, and that sym-
plectitic spinel and orthopyroxene were not in equi-
librium with the other granoblastic phases.lculated using the bulk chemical composition. (b) Stability field of
seþ ilmeniteH2O.
356 N. Nakano et al. / Polar Science 5 (2011) 345e359Petrographic relationships indicate that amphibole
formed in multiple stages during retrograde meta-
morphism (Fig. 2fei); however, some granoblastic
amphiboles appear to be in equilibrium with peak
metamorphic phases (Fig. 2a), and their major and
trace element compositions are different to those of
other amphiboles. In particular, the cores contain
higher TiO2 contents (0.29e0.33 pfu) than those of
amphiboles regarded as a secondary product
(<0.28 pfu). Therefore, the peak metamorphic assem-
blage may have been garnet, olivine, orthopyroxene,
clinopyroxene, amphibole, plagioclase, and ilmenite,
for which the stability field shows a wide pressure
range from 6.5 to 13.0 kbar at 800e1050 C (Fig. 7b);
however, the peak metamorphic conditions must have
occurred at higher-P than that of the stability field of
garnetþ olivineþ orthopyroxeneþ spinel in the
FMAS phase diagram, where reaction (3) occurred.
Therefore, the minimum peak-PeT conditions were as
high as 1000 C at 12 kbar (Fig. 8).
Local equilibrium among garnet, olivine, and
orthopyroxene may yield orthopyroxeneþ spinel
symplectite during decompression (Fig. 8). The peak
conditions are higher than estimates based on two-
pyroxene thermometry (830e920 C), which is
consistent with petrographic features. Although we
could not consider Ca in symplectite formation, we
assume that garnet had a grossular component under
the conditions of peak metamorphism. The symplectiteFig. 8. Peak-PeT conditions based on a combination of FMAS and
NCFMASHT PeT isochemical phase diagrams. Also shown are the
PeT conditions of amphibolite-facies re-equilibrium. See the text for
more details.is commonly surrounded by tschermakitic amphibole
(Fig. 2a, f), possibly indicating that a small amount of
clinopyroxene was present as a product of reaction (3)
and that clinopyroxene and symplectitic spinel might
have produced tschermakitic amphibole during retro-
grade hydration.
To discuss the PeT conditions of the amphibolite-
facies overprint, it is problematic to use an
NCFMASHT isochemical phase diagram calculated
using the whole-rock chemical composition because
large amounts of high-T relicts, such as olivine and
orthopyroxeneþ spinel symplectite (previously garnet,
olivine, and primary orthopyroxene), occur as meta-
stable phases. However, bulk Na2O is distributedmainly
in plagioclase, which is stable under the peak to
amphibolite-facies conditions. The chemical composi-
tion of plagioclase (Ab50e57) does not record the peak
metamorphic condition (Fig. 8), possibly indicating
chemical re-equilibrium within the amphibolite-facies.
As mentioned above, symplectitic orthopyroxene and
spinel were also affected by the amphibolite-facies
overprint and show low contents of Al (0.14e0.17 pfu;
Fig. 3) and low values of XMg (0.29e0.33), respectively.
The chemical compositions of these phases suggest that
amphibolite-facies re-equilibrium was achieved at
temperature below 700 C and at pressure less than
6 kbar (Fig. 8), which is consistent with a previous
estimate of conditions for a hydration event
(650e700 C at 5e7 kbar; Adachi et al., 2010) obtained
from hornblendeebiotite gneiss (originally felsic
orthopyroxene gneiss).
4.4. Tectonic implications and concluding remarks
In the southern EAAO, especially in Antarctica and
southeastern Africa, voluminous magmatic activity
occurred at ca. 530e485 Ma, associated with large-
scale extension following collision (e.g., Jacobs
et al., 2008). This event may have resulted in further
retrogression of the high-grade metamorphic rocks.
Consequently, Pan-African UHT metamorphism has
not been reported from these regions, excluding recent
finding from the Schirmacher Hills, central Dronning
Maud Land, East Antarctica (Baba et al., 2006, 2010).
Although we do not describe complete UHT granulites,
the present results pertain to the early UHT meta-
morphic history of the Sør Rondane Mountains,
preceding the amphibolite-facies overprint.
The temperature of the peak-PeT conditions
obtained in this study is higher than the previous
highest estimation (865e890 C at more than 12 kbar;
Asami et al., 2007), which was obtained based on the
357N. Nakano et al. / Polar Science 5 (2011) 345e359mineral associations of kyanite and sapphirine or
spinel inclusions in garnet, as well as geothermometry
using FeeMg partitioning between sapphirine and
spinel from the eastern Sør Rondane Mountains (NE
Balchenfjella; Fig. 1b). Although Asami et al. (2007)
were unable to reconstruct the PeT path for the
kyanite- and spinel-bearing pelitic gneiss, rare mineral
associations included in garnet have been reported
from the Highland Complex of Sri Lanka (Hiroi et al.,
1994) and from the Lu¨zow-Holm Complex of
Antarctica (Motoyoshi and Ishikawa, 1997). Conse-
quently, Asami et al. (2007) proposed that the PeT
path for the Sør Rondane Mountains was similar to that
for the Highland Complex and Lu¨zow-Holm Complex,
which are characterized by a typical decompression
path under granulite-facies conditions (e.g., Osanai
et al., 2006; Yoshimura et al., 2008). The results of
these previous studies, combined with the present
findings, indicate that the relatively high-P (>12 kbar)
and high-T to UHT metamorphism in the Sør Rondane
Mountains should show a decompressional evolution
after the peak metamorphic conditions. It is also noted
that the very high-T conditions (>850 C) recon-
structed for the Sør Rondane Mountains are only
obtained based on the mineral association of inclusion
phases (Asami et al., 2007) and using local equilibrium
textures (this study). The difficulty to identify peak
metamorphic conditions is expected to have a strong
relation to amphibolite-facies overprinting in this
region.
The PeT path of UHT granulite from the Schir-
macher Hills, central Dronning Maud Land shows an
isobaric prograde stage at pressures of around 10 kbar,
with decompression from 10 to 7 kbar at temperatures
of around 1000 C (Baba et al., 2006). Subsequent
isobaric cooling (until 700 C) has been documented
from mafic granulites in this region (Baba et al., 2008).
This PeT path of UHT metamorphism has been
explained in terms of a back-arc tectonic setting prior
to the main collisional event between East and West
Gondwana (Baba et al., 2010). However, we did not
obtain isobaric heating and cooling histories at rela-
tively high-P conditions from the current UHT sample
from the Sør Rondane Mountains, and the peak-P
condition (>12 kbar) was higher than that of UHT
granulite from the Schirmacher Hills. Such very high-T
and high-P metamorphism in the Pan-African orogenic
belt has been reported from the Madurai Block of
southern India (880e1040 C at 9.8e12.5 kbar;
Tsunogae et al., 2008), the Highland Complex of Sri
Lanka (>1100 C at 12 kbar; Sajeev and Osanai,
2004a,b), and the Ocua Complex of northeasternMozambique (950 C at 15.7 kbar; Engvik et al.,
2007). These terranes do not show isobaric cooling at
relatively high-P conditions (7 kbar; Baba et al., 2008)
after isothermal decompression. Therefore, the PeT
path obtained in the present study is similar to these
terranes rather than that of the Schirmacher Hills,
possibly reflecting crustal thickening and subsequent
exhumation during the main collision event between
East and West Gondwana.
An unresolved question is the timing of UHT and
high-P metamorphism in the Sør Rondane Mountains.
The ages of peak metamorphism for the above high-P
and very high-T terranes (Madurai Block:
560e540 Ma, Santosh et al., 2008; Highland Complex:
570 Ma, Sajeev et al., 2010; Ocua Complex: 560 Ma,
Engvik et al., 2007) are slightly younger than the
timing of the granulite-facies event in the Sør Rondane
Mountains (650e600 Ma) proposed by Shiraishi et al.
(2008). Although it would be difficult to obtain a reli-
able age for the present sample, regardless of the
dating method employed, the timing of metamorphism
is required to further understand the evolution of deep
crustal processes during collision between East and
West Gondwana. It is also noted that the protolith of
the mafic granulite was probably alkali basalt, which
may constrain the tectonic evolution prior to the
collision event.
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